Using anaerobic and aerobic septic systems as analogs, we examined whether the passive electrical potential (SP) method can be used to detect and monitor shallow biochemical reactions. High-resolution SP surveys conducted with nonpolarizing electrodes can reliably detect potential differences as small as a few mV over relatively small areas, suggesting that the technique can find wider use in monitoring biodegradation processes, mapping effluent plumes, and identifying local preferential infiltration areas. Surface SP measurements appear to respond to changes in the oxidation-reduction potential in shallow reactors, correlating best with changes in dissolved oxygen concentration and measured electrical potential within the subsurface reactors. Among the available electrode choices, including those made of carbon, low-grade steel, stainless steel, and copper, only nonpolarizing electrodes such as the copper-copper sulfate types provide the measurement stability necessary to achieve high-resolution results.
Introduction
The spontaneous, streaming, or self-potential (SP) method has enjoyed wide use, particularly in minerals exploration, engineering studies, soil studies, pipeline and other types of corrosion monitoring, dam-seepage investigations, and earthquake prediction and monitoring (e.g. Ogilvy and Bogoslovsky, 1969; Fitterman, 1976; Corwin and Morrison, 1977; Corwin, 1989; Corwin, 1990a, b; Jansen and others, 1996) . We investigate using this method at the local scale (high spatial resolution and small differences in electrical potential) to monitor shallow aerobic and anaerobic reactions, using two types of residential septic systems as representative test cases. Septic systems have been studied using active-source electrical methods (EM and resistivity; Amidu and Olayinka, 2006; Lee and others, 2006) , but the passive method offers the possible advantages of the ability to monitor near-surface chemical reactions and infiltration patterns. If the passive electrical potential method can be successful in these applications, where measured voltages can be expected to be lower than those observed in more regional studies where signals can reach hundreds of millivolts (mV), then the method can be extended to other possible local applications where small signals (a few to a few tens of mV) and lateral variability are expected, such as infiltration studies, monitoring biogeochemical reactions, and perhaps monitoring gas or fluid migration through near-surface deposits.
Methods
We modified the passive electrical potential (SP) method (Parasnis, 1986; Corwin, 1990a, b; Telford and others, 1990) to examine whether it can be used to monitor shallow aerobic and anaerobic reactions at the local scale. Standard equipment includes a high-quality (high impedance) voltmeter, insulated copper wire, and two soil-insertable, non-polarizing copper-copper sulfate electrodes to enable measurements of electrical potentials between a stationary reference electrode and a roving electrode. In contrast with typical large-area studies, we employed a single reference electrode location and used roving electrode spacings of 0.5 m for individual profiles across features of interest or 1 m in a gridded survey measuring 8 × 16 m over a septic drain field.
We prepared shallow holes for electrode insertion by pushing a pointed metal rod a few cm into the soil to penetrate matted vegetation. Voltage measurements were taken within a few seconds of electrode insertion, typically after the voltmeter reading stabilized. Repeat profiles and grids were conducted using the same holes at intervals ranging from hours to days after the initial surveys.
We measured apparent ground conductivity on the drain-field grid using a Geonics EM38 ground conductivity meter, a frequency-domain electromagnetic induction instrument that operates at a transmitter frequency of 14.6 kHz. We acquired four conductivity measurements at each location. Orthogonal horizontal-and vertical-dipole measurements were averaged to produce single horizontal-and vertical-dipole apparent conductivity values. Nominal exploration depth for this instrument is less than one meter in the horizontal-dipole orientation and less than two meters in the vertical-dipole orientation, adequate to examine shallow soil properties in a typical drain field.
We used a Quanta Hydrolab to determine relevant water properties such as dissolved oxygen (concentration and saturation percent), pH, specific conductivity, and temperature for comparison with ground electrode measurements made over the aerobic septic system. pH and specific conductivity were calibrated with standard solutions. Dissolved-oxygen concentration was calibrated using the saturated-air method and known atmospheric pressure.
Electrode Suitability Testing
We tested a variety of electrodes (Figure 1 ) to examine the effects of electrode type, insertion depth, and the variation in the measured voltage with time after insertion. We found that rebar (low-grade steel), copper, and carbon rods all exhibit strong early-and late-time variation in measured potential due to polarization effects, soil-electrode reactions, and accumulation of static charge. Stainless steel and carbon rods are less reactive with soil and might be considered usable in passive potential surveys. Stainless rods drift less than rebar and copper rods, but are not as stable as nonpolarizing electrodes such as the preferred copper-copper sulfate electrodes in which a copper rod is bathed in a saturated copper sulfate solution that is allowed to come into contact with the ground through a permeable tip. Carbon electrodes receive a significant charge at insertion that can require hours to dissipate. All experiments described below were conducted with nonpolarizing copper-copper sulfate electrodes.
Profile Over Conventional (Anaerobic) Septic Chamber
At the Coyote Ridge test site in Hays County, Texas, a conventional anaerobic septic system has been in continuous operation since 1987. This system consists of a dual-chamber reaction tank that supplies a leach field that is approximately 100 m 2 . An 11-m-long profile across the two tanks (Figure 2) shows two distinct voltage highs centered over the two separate tanks. The greater of the two anomalies (measuring about 10 mV) overlies the larger tank, where most of the anaerobic decay of waste matter occurs. The profiles were measured twice; once immediately following hole preparation, and once a day later. The two profiles are similar; potentials measured during the later survey are consistently about 2 mV higher. The low between the two peaks occurs between the separate tanks.
Profile Over "Aerobic" Septic Chamber
An example of the newer, "aerobic" style of residential waste treatment system was studied at the Westview Trail test site, also in Hays County, Texas about 1 km from the Coyote Ridge site. This system has been in operation for about six years. Our tests at this site included measuring passive electrical potentials along an 11-m-long profile centered on the aerobic reaction chamber. This profile was occupied repeatedly over an 8-day period, beginning with a transect acquired during normal operating conditions. We then shut off the air supply and conducted repeat SP surveys (and measured select reactor water parameters) with no forced air, intending to examine whether we could use the SP method to detect the biochemical change occurring in the reactor as the oxygen supply diminished. We reintroduced injected air on the sixth day, continuing the SP and water parameter measurements as the system readjusted to additional oxygen supply. We completed the measurements 62 hours after the air supply was restored.
Repeat SP profiles ( Figure 3 ) and comparisons of water and geophysical measurements over time (Figure 4) suggest that change has been detected over the septic system and that this change is likely caused by chemical changes occurring in the reactor. The initial SP profile, acquired less than an hour before the air supply was removed, shows a 20-mV variation across the profile with a small, 10 mV peak over the 2.5-m long segment directly over the chamber. That peak diminished steadily for a period of about 26 hr, lowering a total of about 15 mV over that time. Voltages recovered about half of that amount over the following 46 hours, and continued to increase over a broad area centered on the reactor until the air injection experiment began at about 130 hr after the air supply was removed. Over the 62 hours of air injection (the upper group of lines in Figure 3) , potentials climbed to maximum values of more than 40 mV, measured 38 hr after the air injection resumed. The greatest change was again observed over a nearly 3-m-long segment centered on the reaction chamber. Measured potentials subsequently decreased toward the initial survey values for the remainder of the experiment. Figure 3 : Repeated passive voltage measurements acquired along an 11-m-long profile across a shallowly buried, single-chamber "aerobic" (injected air) septic tank. The lower set of profiles was acquired at times ranging from 20 minutes before the supplied air was shut off to 72 hours after the air was shut off. The upper set of profiles was acquired at times between about 40 minutes before the air supply was restored to 62 hours after air was restored. Water-property measurements made just before and during the first day following air shutoff show a decrease in pH and very low dissolved oxygen content (Figure 4a and b) . Low initial dissolved-oxygen concentrations suggest that the system was operating near the anaerobic/aerobic threshhold at the onset of the experiment. During the first 26 hr after air shutoff, ground electrodes directly over the chamber exhibited significant voltage drops (about 15 mV), while electrodes most distant from the reactor (5.5 m away) showed no sustained voltage drop (Figure 4d) . pH values in the reactor remained near 7.0 until the air supply was restored at 130 hr after the experiment began, at which time pH rose rapidly to about 7.7 (Figure 4a ). Dissolved oxygen remained low for more than 20 hr before rising to 3 to 6 percent of saturated values. Coincident with the rise in dissolved oxygen concentration is a rise in voltage measured between a ground reference electrode and both copper and carbon electrodes immersed in the reactor (Figure 4c ). Ground electrodes directly over and most distant from the reactor again show differing trends (Figure 4d ). Both show a small increase during the early rise in pH (probably related to changing conditions at the reference electrode), but only the voltage at the electrode over the reactor rises during the rise in potential measured in the tank. This suggests that pH changes had little effect on nearby ground potentials, but that changes in dissolved oxygen (and oxidation-reduction potentials in the reactor) were detected at the surface.
Imaging Drain Fields
Another setting where the SP method can be tested is in the drain fields of a conventional anaerobic septic system, where the method might be expected to detect such things as preferred infiltration points, extent of effluent plume migration, and aerobic and continued anaerobic reactions consuming the effluent as it migrates through the drain field. We returned to the Coyote Ridge test site to examine the utility of both SP and conductivity measurements at close spacings over the drain field.
Horizontal-and vertical-dipole conductivities measured with the shallow-exploring Geonics EM38 are relatively low (9 to 25 mS/m horizontal dipole and 4 to 14 mS/m vertical dipole, Figure 5a and b), consistent with thin and relatively dry clay to clay loam soil over shallow limestone bedrock. Lower conductivities are observed over the drain field in the shallower-exploring horizontal dipole orientation, likely indicating dry and relatively sandy fill material at shallow depths. The conductivities measured in the deeper-exploring vertical dipole mode are generally lower still, but do not clearly reveal patterns suggesting the presence of an effluent plume.
In contrast, SP measurements made over the same area at the same time (Figure 6a ) do show voltage variations similar in magnitude to those measured over the septic chambers. Relatively high voltages exist over a narrow band near the outlet, broadening toward the left in a pattern suggestive of an effluent plume. Highest voltages were measured near the left edge of the image near the boundary of the drainfield excavation. Three repeat surveys conducted the following day showed a similar pattern. All surveys but the last were made under no-flow conditions. The final survey was completed while introducing fresh water flowing at a rate of 15 l/m into the reactor tank, which forced effluent to flow into the drain field. The image produced from those measurements show relatively little change farthest from the outlet (at the left of the image) and greatest change nearest the outlet (Figure 6b ).
Conclusions
As demonstrated by measurements over aerobic and anaerobic septic systems, passive electrical potential measurements show promise for high-resolution, long-term monitoring of shallow aerobic and anaerobic biochemical processes. This method appears to be more effective than conductivity methods for delineating effluent plumes. By careful attention to choice of electrodes, electrode insertion, and consistency in hole preparation, we were able to achieve reproducible results over voltages ranging from a few to a Figure 5 : Apparent ground conductivity measured at 144 locations over a drain field supplied by a conventional anaerobic septic system. Two orthogonal measurements were taken at each site using a Geonics EM38 ground conductivity meter in (a) horizontal and (b) vertical dipole orientation. Gridded values are the average of the two orthogonal measurements for each dipole orientation. Effluent flows into the drain field from the outlet at right. few tens of mV. Lateral variability in measurements over relatively small distances suggests that spatial aliasing would prevent using the SP method effectively over large areas unless the anticipated voltages are much higher than a few tens of mV.
